Abstract-Japan and Russia cooperated in performing a study to monitor ground surface deformations over gas deposit areas in Siberia using the phased array type L-band synthetic aperture radar (PALSAR) of the Advanced Land Observing Satellite (ALOS). The studied areas had permafrost and surface subsidence due to gas extraction, both of which would affect gas facilities and infrastructure. The observation sites were located in a tundra that had widespread permafrost, bogs, and a thin layer of mosses and lichens. Differential interferometry analysis was conducted independently by both NEC and GASPROM Space Systems using PALSAR data. The results clearly showed widespread ground subsidence with block structures over the past two years. Also, small hills and dips apparently formed by permafrost were detected by high spatial resolution (25 m) interferometry analysis. This study demonstrates that L-band SAR observation using a satellite provides a wide area instrumental technique for gathering information to support field and pipeline operation and for observing the resulting impact on the environment. The results also show the technical and economic efficiency of surveying and performing geodesic monitoring of gas field areas using ALOS PALSAR.
INTRODUCTION
Major gas and oil deposit areas in Russia are located in the polar climate zone, and the polar gas and oil fields have permafrost and surface subsidence due to gas extraction, both of which would affect gas facilities and infrastructure. Therefore, monitoring ground surface deformations is important to support field and pipeline operation and for observing the resulting impact on the environment. However, the natural and climatic conditions of the areas severely limit the applicability of ground surveying, and many of the areas are covered by clouds most of the year that obstruct satellite optical sensor observations. Synthetic aperture radar (SAR), especially L-band SAR, is suitable for observing these areas, because it is less affected by vegetation, snow, and atmospheric conditions than C-Band or Xband radars [1] [2] [3] [4] [5] [6] . Therefore, by using the phased array type L-band synthetic aperture radar (PALSAR) of the Advanced Land Observing Satellite (ALOS), Japan and Russia have cooperated in performing a study to monitor ground surface deformations over gas deposit areas in Siberia based on the application of space-based radars.
The observation sites are located in a tundra near the Obi river delta that has widespread permafrost, bogs, and a thin layer of mosses and lichens. The purpose of the study is to demonstrate that L-band SAR observation using a satellite can provide a wide area instrumental technique for gathering information to support field and pipeline operation and for observing the resulting impact on the environment. For this demonstration, an interferometry analysis with higher horizontal resolution such as 25 m was tried in this polar climate area.
OBSERVATION BY ALOS PALSAR
ALOS is an earth-observation satellite developed by Japan Aerospace Exploration Agency (JAXA) and built by NEC Corporation, which was the system contractor. ALOS is in sun synchronous orbit around the earth at an altitude of 690 km and an inclination of 98 degrees, and has a 46 day repeat cycle. ALOS carries two optical sensors and a radar sensor, PALSAR developed by METI and JAXA. The PALSAR is a high resolution active microwave sensor that has an L-band frequency intended for applications such as building DEMs and extracting topography data via interferometry. PALSAR has three observation modes: fine, ScanSAR, and Polarimetric, and the fine mode includes fine beam single polarization (FBS) mode and fine beam dual polarization (FBD) mode. The main characteristics of PALSAR are summarized in Table 1 [7]. 
INTERFEROMETRY ANALYSIS
To measure the location and amplitude of surface deformations over the past two years, threepass differential interferometry (DInSAR) analysis was conducted independently by NEC (using its proprietary software) and GASPROM Space Systems (using SARSCAPE). As shown in Figure 1 , pair A was used to generate the DEM, and pair B was used to extract information about surface deformations over the past two years. The analysis results of the two companies were almost the same even though they used different software. The generated PALSAR DEM was compared with a DEM built from a 1/200000 Russian map, and they showed good agreement with a 6 meter standard deviation [1] .
Processing results are shown in Figures 2(a) to (f). The ALOS PALSAR FBS data amplitude image has high spatial resolution (7 m at best), and major gas-field facilities such as buildings, roads, and pipelines are well identified in (b). An interferogram of pair B that has a 25 meter spatial resolution is shown in (c). In spite of a two-year observation time interval, the high spatial resolution interferogram was obtained for almost all area of the scene. This result demonstrates the advantage of L-band DInSAR over C-band DInSAR for high resolution land subsidence detection with a long-term observation interval. A coherence histogram, computed with eight looks (two looks for the range direction, and four looks for the azimuth direction), is shown in (e). Surface deformation results obtained from the interferogram by phase unwrapping are shown in (f). Because PALSAR has high spatial resolution, unwrapping was performed well. GCP data was used to fix the absolute scale. The result indicates that the maximum subsidence in two years reached 5 to 8 cm. This result will be quantitatively validated during the next study phase.
DISCUSSION OF USEFULNESS OF PALSAR INTERFEROMETRY FOR MONITORING IN POLAR GAS DEPOSIT AREAS
The PALSAR interferometry analysis results were reviewed and discussed by the joint team from the viewpoint of the industrial application of ALOS PALSAR interferometry. The most important roles indentified for monitoring in polar gas deposit areas are summarized below.
Providing a High Resolution Overall Image of Widespread Ground Subsidence in large Polar Gas Fields
Wide area ground subsidence (20 km east-west, 50 km north-south), thought to be caused by gas extraction, is clearly revealed to be nearly in line with the gas field facilities by PALSAR interferometry analysis. The PALSAR FBS mode data has high resolution (7 m) and a wide swath width (70 km). Therefore, analysis using this data provides a high resolution overall image of surface subsidence caused by gas extraction in a large gas field.
The natural and climatic conditions of polar gas deposit areas severely limit the applicability of remote sensing by even ground instrumentation using GPS receivers. It is not technically feasible to create a network of GPS sensors, for example, due to the large and hardly accessible territory and very low temperatures down to minus 50 degrees C in winter. Under such conditions, it is difficult to provide the power supply for the GPS sensors and acquiring their data. Therefore, ALOS PALSAR DInSAR analysis is the most practical remote sensing method that can provide a high resolution overview of the widespread ground subsidence in large polar gas fields.
Detection of Block Structures for Geological Structure Analysis
Careful observation of the high resolution interferometry analysis results revealed that the ground subsidence occurred in several blocks as shown in Figure 2 (f). The distribution and shape of each subsidence block provides a clue for analyzing the complex geological structure of this area, and is important information for supporting the operation and management of the gas field. The boundary areas of the blocks would not be suitable for building major facilities. 
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Detection of Permafrost Activities
Small hills and dips form as a result of seasonal permafrost activities (melting in summer and freezing in winter) in tundra areas. These natural ground deformations were also detected by high resolution (25 m) interferometry analysis ( Figure 3) . The horizontal size of the hills and dips were from dozens of meters to several hundred meters. These natural ground deformations might damage roads, pipelines, and other gas field facilities. PALSAR interferometry analysis provides useful information for monitoring permafrost changes around facilities and for controlling potential damage to them. Figure 3 : Detected permafrost activities.
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CONCLUSION
This study demonstrated that L-band SAR observation can provide a wide area instrumental technique for gathering information to support field and pipeline operation and for observing the resulting impact on the environment. The results also show the technical and economic efficiency of surveying and performing geodesic monitoring of gas field areas using ALOS PALSAR. Future study will concentrate on the quantitative validation of the surface deformation based the ground truth.
